The purpose of this phantom study was to investigate the feasibility of dose reduction with hybrid iterative reconstruction, with and without a noise power spectrum (NPS) model, using both quantitative and qualitative evaluations. Standard dose (SD), three-quarter dose (TQD), and half-dose (HD) of radiation were used. Images were reconstructed with filtered back projection (FBP), adaptive iterative dose reduction 3D (AIDR 3D) (MILD, STR), and AIDR 3D enhanced (eAIDR 3D) (eMILD, eSTR). An NPS analysis, task-based modulation transfer function (MTF task ) analysis, and comparisons of low-contrast detectability and image texture were performed.
that can allow a reduction in radiation dose.
2-8 Although these techniques iteratively reduce noise in the image space, raw data, or both, IR techniques have also been reported to produce changes in image texture. 5, [9] [10] [11] [12] Adaptive iterative dose reduction 3D (AIDR 3D) (Toshiba Medical Systems, Otawara, Japan) is a hybrid IR technique that uses a scanner model and statistical noise model, together with projection noise estimation in the raw data domain, to reduce photon and electronic noise. 13, 14 Several previous studies have indicated that AIDR 3D
improves image quality and reduces dose in a manner comparable to IR. 15, 16 In contrast, it has also been reported that resolution changes in accordance with radiation dose, iterative strength, and contrast, and that low contrast detectability is not necessarily improved at low dose levels. 17, 18 AIDR 3D Enhanced (eAIDR 3D) is an IR-mounted noise power spectrum (NPS) model that preserves high-frequency noise in the NPS and is expected to offer improved image texture and resolution as compared to AIDR 3D. Yet, to the best of our knowledge, no study has yet evaluated the image quality characteristics of eAIDR 3D in detail. Additionally, it is known that quantitative evaluations of IR, such as contrast-to-noise ratio analyses, diverge from qualitative evaluations, because IR is a nonlinear reconstruction method. 18 Therefore, both quantitative and qualitative evaluations are necessary for assessing IR image quality.
The purpose of this study was to investigate the feasibility of dose reduction with hybrid iterative reconstruction, with and without an NPS model, in a phantom using both quantitative and qualitative evaluations.
| MATERIALS AND METHODS
The NPS analysis and task-based modulation transfer function task (MTF task ) analysis were performed as quantitative evaluations.
Low-contrast detectability was compared using a receiver operating characteristic (ROC) curve analysis and visual image texture was compared using Scheffe's method of paired comparisons, as qualitative evaluations.
2.A | Scanning and reconstruction
All images were acquired on a 320-detector row CT scanner (Aquilion ONE Vision edition, Toshiba Medical Systems, Otawara, Japan).
All scans were performed at 120 kVp, 0. (CTDIvol) were 3.5, 2.6, and 1.7 mGy for quantitative evaluations and 6.3, 4.7, and 3.1 mGy for qualitative evaluations, respectively.
As described below, the phantom that was used for quantitative evaluation was filled with diluted contrast medium. 
2.B | Noise power spectrum (quantitative) analysis
An acrylic phantom with a diameter of 200 mm was filled with water and used for NPS analysis [ Fig. 1(a) ]. The acrylic phantom was placed at the isocentre of the CT scanner. To acquire NPS for each reconstructed image, a region of interest (ROI) of 100 cm 2 (256 9 256 pixels) was placed on the centre of the image, as shown in Fig. 1 To acquire MTF task values for each averaged image, an ROI of 9.77 cm 2 (80 9 80 pixels) was placed around the three objects as shown in Fig. 1 (b). MTF task values were calculated using the radial edge method, with contrasts of 10, 70, 120, and 300 HU, using software (CT measure version 0.97b). 22, 23, 25 The MTF task analyses were used to calculate 10% MTF task values for each protocol.
2.D | Comparison of low contrast detectability using a ROC (qualitative) analysis
An acrylic phantom with a diameter of 200 mm containing a 3-mm diameter acrylic bar (120 HU) was filled with dilute contrast medium adjusted to 110 HU to obtain a contrast of 10 HU between background and the acrylic bar and used to assess low contrast detectability [ Fig. 1(c) ]. The phantom assumes a small size and lowcontrast liver lesion, and the size and contrast of the lesion was determined with reference to the previous studies. 26, 27 The phantom was placed at the isocenter of the CT scanner. An ROC analysis was performed to assess low-contrast detectability. Each protocol University of Chicago, Chicago, IL, USA) was used to calculate the mean area under curve (AUC) and 95% confidence intervals for each protocol, and to calculate the difference in the average AUC and P-values between each protocol. [28] [29] [30] [31] [32] [33] The significance level for all evaluations was 5%. Because this software employs the jackknife method and has been used in a number of previous studies, both between-case and between-reader variations can be considered. [28] [29] [30] [31] [32] [34] [35] [36] The ROC analysis was performed by five radiological technologists (3-20 yr' experience) on a 1 M liquid crystal display (RadiForce RS110, EIZO, Ishikawa, Japan) with a window width and level of 130 and 100 HU, respectively. The observation time and distance were arbitrary. Consent for the publication of the results was obtained from the observers.
2.E | Comparison of visual image texture using
Scheffe's method of paired comparisons (qualitative)
Negative images obtained in ROC analyses were used to assess image texture [ Fig. 1(d HD-eMILD were similar to that of SD-FBP. Furthermore, the eAIDR 3D had a lower NPS value in the low frequency range and had a higher NPS value in the high frequency range than the AIDR 3D, at the same radiation dose and iteration level. The relative noise value of eAIDR 3D was higher than that of AIDR 3D at the same radiation dose level and iteration level (Tables 1 and 2 ). Table 3 and Fig. 3 show the 10% MTF task values and MTF task curves.
3.B | Modulation transfer function task analysis
Although both AIDR 3D and eAIDR 3D had lower 10% MTF task values with lower CT values, lower radiation doses, and higher iteration levels, the 10% MTF task values were higher for eAIDR 3D than for AIDR 3D at the same radiation doses and iteration levels. The 10%
MTF task values of all AIDR 3D protocols were equal to or lower than those of SD-FBP. In contrast, the 10% MTF task values of eAIDR 3D
at TQD and HD tended to be higher at 120 and 300 HU, and tended to be equal to or lower than those of SD-FBP at 10 and 70 HU. The 10% MTF task values of TQD-eMILD at 10 and 70 HU were equal to those of SD-FBP. Tables 4 and 5 
3.C | Comparison of low contrast detectability using an ROC analysis

| DISCUSSION
Our study demonstrated that eMILD allowed a 25% reduction in radiation dose while maintaining diagnostic performance, spatial resolution, and image texture. Image quality has not previously been compared between AIDR 3D and eAIDR 3D using both quantitative and qualitative evaluations. We found that NPS values in the high frequency range, 10% MTF task values, low-contrast detectability, and image texture of TQD-eAIDR 3D were superior to those of TQD-AIDR 3D, and similar to those of SD-FBP. These findings are important because they can guide protocol selection in a clinical setting. Solomon et al. reported that it is possible to use an NPS to compare image texture quantitatively. 40 Our NPS analysis findings that the nNPS curves of TQD-eMILD and HD-eMILD were close to that of SD-FBP indicated that the image texture of TQD-eMILD and HD-eMILD is similar to that of SD-FBP.
Our findings that 10% MTF task values changed in accordance with contrast are consistent with a previous study by Richard et al.,
and represent a feature of nonlinear processing in IR. 25 We found that although eAIDR 3D improved 10% MTF task values at 120 HU or higher, it did not improve 10% MTF task values at 70 HU or less.
Therefore, in clinical settings, eAIDR 3D may be useful for enhanced CT or CT angiography (i.e., imaging with high contrast levels).
We found that the mean AUC value for low-contrast detectability of TQD-eMILD was significantly higher than that of TQD-MILD and was comparable to that of SD-FBP, and that image texture in TQD-eMILD was similar to that in SD-FBP. Thus, we suggest that TQD-eMILD is desirable for maintaining both diagnostic performance and image texture, while reducing the dose of radiation required. In contrast, the mean AUCs for the low-contrast detectability values of HD-MILD, HD-STR, HD-eMILD, and HD-eSTR were significantly lower than that of SD-FBP, such that a 50% reduction in radiation dose by AIDR 3D or eAIDR 3D may not be feasible for the detection of small low-contrast lesions.
This study had several limitations. First, we used a uniform water phantom that does not adequately represent the human body (e.g., bones and organs). Furthermore, a phantom diameter of 200 mm does not simulate the size of a human body. Further studies using an anthropomorphic body phantom with embedded low contrast lesions would be required for confirming our preliminary findings. Second, in our qualitative evaluation, images were displayed on monitor at a fixed window level and width. These fixed conditions may have affected the qualitative evaluation. Third, the ROC analysis was only performed at a contrast of 10 HU. In future, more comprehensive assessments should be performed to confirm the clinical applicability of our present findings. Fourth, our ROC curve analysis was performed by five readers with 30 positive and 30 negative images for each protocol, using DBM MRMC software. In an earlier study, it was reported that the software used in the current study requires at least five readers and 25 positive and 25 negative images, to acquire more reliable ROC curves. 33 Therefore, our statistical analysis of the ROC curve was likely reliable. Nevertheless, to clarify whether the difference in AUC is meaningful or not in terms of detectability, further evaluation with more readers and more images may be necessary.
| CONCLUSION
We suggest that the use of eMILD can facilitate a 25% reduction in radiation dose while potentially maintaining diagnostic performance, spatial resolution, and image texture.
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